Preso1, mGlur5 and the machinery of pain
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By bringing mGluR1/5 and proline-directed kinases together, the scaffold protein Preso1 stabilizes the interaction between mGluR1/5 and Homer. This mechanism may attenuate calcium influx into spinal neurons and reduce pain.
the N-terminal EVH1 (Ena-VASP homology) domain of Homer. The mGluR1/5-Preso1-kinase complex was found to trigger phosphorylation of mGluR1/5 and enhance its interaction with the long Homer isoforms (Homer 1b, 1c, 2 and 3).
Next, Hu et al. 7 investigated the effect of Preso1 on mGluR1/5 activity by monitoring the Ca 2+ response of dorsal spinal neurons to stimulation by glutamate. Preso1-deficient neurons showed a greater mGluR1/5-dependent increase of Ca 2+ through L-type voltagesensitive Ca 2+ channels than did wild-type neurons. This effect was reversed when exogenous Preso1 was introduced into the cells. To determine whether proline-directed kinases regulate this mGluR1/5-Preso1 function, Hu et al. 7 tested whether inhibitors of these kinases could affect Ca 2+ influx. Consistent with their hypothesis, inhibitors of ERK or CDK5, which induced a late rise in Ca 2+ in wild-type neurons, did not further increase Ca 2+ in Preso1-lacking neurons. From these findings, the authors conclude that Preso1 and proline-directed kinases suppress Ca 2+ influx and suggest that this is a result of the newly identified interaction between mGluR1/5, Preso1 and Homer.
In a final set of experiments, Hu et al. 7 examined the physiological function of Preso1 in mouse models of inflammatory pain. mGluR5 activity is thought to enhance sensitization to pain 5 , as do two of its main
The type I metabotropic glutamate receptors mGluR1 and mGluR5 (mGluR1/5) regulate complex behaviors ranging from pain to emotion and cognition [1] [2] [3] . Consequently, molecules that regulate their function are considered to be promising drug targets for major neuropsychiatric illnesses, such as chronic pain, affective disorders, autism and schizophrenia 3 . At a cellular level, the actions of mGluR1/5 are determined by their ability to induce localized changes in calcium (Ca 2+ ) concentration 4, 5 and protein kinase signaling 6 . Association with different isoforms of Homer proteins determines the activation state of mGluR1/5 and thereby constrains or enhances mGluR1/5-induced signal propagation. In this issue, Hu et al. 7 identify the scaffold protein Preso1 (ref. Scaffold proteins are crucial coordinators of receptor function. By anchoring specific kinases or phosphatases close to membrane receptors, scaffold proteins incorporate input specificity into a system in which a limited number of signaling pathways is required for multiple functional outcomes 9 . There are several known scaffolds that regulate mGluR1/5 activity, localization and signaling. Shank3 links mGluR1/5 to NMDA receptors via PSD-95 (ref. 10) , tamalin (GRASP) regulates mGluR1/5 trafficking 11 , and Na + /H + exchanger regulatory factor 2 prolongs mGluR5-mediated Ca 2+ mobilization 12 . Most extensively studied, however, are the interactions between mGluR1/5 and Homer, which determine the effects of mGluR1/5 on Ca 2+ homeostasis 4 , protein kinase signaling and behavior 1 .
Hu et al. 7 now demonstrate that another scaffold protein, Preso1, interacts with both mGluR1/5 and Homer. To address the function of Preso1 in mGluR1/5/Homer interaction, Hu et al. 7 first conducted a series of biochemical experiments demonstrating that Preso1 interacts with mGluR1/5 and the prolinedirected protein kinases cyclin-dependent kinase 5 (CDK5) and extracellular signalregulated kinase (ERK). Preso1 contains one WW, one FERM and two PDZ domains, which associate with various intracellular effectors regulating dendritic spines 8 . Hu et al. 7 found that the FERM domain of Preso1 is critical for binding to the C-terminal tail of mGluR5 and to proline-directed kinases. The binding site (amino acid sequence between 920 and 1,020) is upstream of the proline-rich motif (TPPSPF) of mGluR1/5, which interacts with Pain is regulated at multiple levels of the peripheral and central nervous systems. In addition to the spinal cord, mGluR1/5 regulates pain and associated affective states through cortical and limbic brain circuits 5, 14 . It is therefore highly relevant to determine how scaffolding to Preso1 contributes to the regional specificity of mGluR1/5 actions not only in the spinal cord, but also in limbic and cortical brain areas. Given the range of behaviors requiring mGluR1/5 activity, the newly discovered interaction with Preso1 has important implications for the fine-tuning of mGluR1/5 signals underlying complex behavior.
downstream effectors, Ca 2+ (ref. 5) and ERK 13 . Mice lacking Preso1 showed stronger pain responses than their wild-type littermates, an effect that could have been a result either of weakened mGluR1/5-Homer interactions or possibly of other actions of Preso1. Supporting the former possibility, the authors found that expression of a mutant mGluR5 that could not bind to Homer also resulted in enhanced inflammatory pain, as did deletion of Homer2 plus Homer3.
Taken together, these findings indicate that Preso1 constrains mGluR5-mediated Ca 2+ influx and inflammatory pain (Fig. 1a) . Hu et al.'s 7 findings are consistent with the postulated roles of mGluR5 and Ca 2+ signaling in pain 5 . However, the data also add to the complexity and controversy on the role of Homer proteins in mGluR5-mediated signaling and pain regulation.
Although it is broadly acknowledged that Homer proteins exhibit region-, cell typeand stimulation-specific roles in mGluRdependent Ca 2+ signaling 4,5,14 , Hu et al.'s 7 findings contrast with earlier observations that mGluR5-Homer interactions mediate enhanced, rather than reduced, Ca 2+ influx in dorsal spinal cord neurons 5 . Similarly, disruption of mGluR5-Homer signaling by Homer1a, the dominant-negative short isoform of Homer, has been implicated in suppression of Ca 2+ signaling and pain (Fig. 1b) , whereas Hu et al.'s 7 results propose the opposite: that Homer1a enhances both processes (Fig. 1a) . Although several key differences in methodological approaches, such as constitutive versus inducible and complete versus spinally localized manipulations of Homer1a, could be responsible for some of the reported differences, it is remarkable that the reported effects are quite opposite. Several lines of evidence, as discussed below, may be particularly relevant to resolving the discrepancies in the role of mGluR-Homer inter actions in Ca 2+ signaling and pain.
Compartmentalization of Ca 2+ and protein kinase signaling by scaffolding proteins provides critical specificity to neuronal inputs 9 . mGluR1/5 regulates several sources of Ca 2+ , encompassing intracellular stores 4,10 , NMDA receptors 10 and L-type voltage sensitive Ca 2+ channels 7 (Fig. 1) . Thus, if Preso1 and Homer target non-overlapping sources of Ca 2+ influx, their effects on both Ca 2+ and pain may be distinctly different. In addition to Ca 2+ , the neuronal plasticity underlying inflammatory pain depends on protein kinase signaling. Notably, strengthening the mGluR1/5-Homer inter action facilitates the ERK and phosphatidylinositol-3-OH kinase (PI3K) signaling pathways 3, 6 , which markedly contribute to pain 15 . Thus, an important goal of future studies will be to establish whether Preso1 downregulates both Ca 2+ and protein kinase signaling or has divergent effects. The former possibility would be consistent with reduced pain.
The discovery of Preso1 as a scaffold for proline-directed kinases and mGluR1/5 highlights the importance of compartmentalized signal transduction in behavior. mGluR1/5 docks to many proteins, and it is likely that some, but not all, of their actions involve Preso1 or Homer. In turn, Preso1 has several binding motifs for other molecules, and it is unlikely that all of its Interactions between mGluR1/5 and Homer1-3 enhance Ca 2+ influx and pain, whereas Homer1a has the opposite effect. Binding of mGluR1/5 to Homer1, 2 and 3 also enhances protein kinase signaling 1, 3, 6 . IP 3 R, inositol trisphosphate receptor; PSD-95, postsynaptic density protein 95; RyR, ryanodine receptor; SAPAP, synapse-associated protein 90 (also known as GKAP (guanylate kinase-associated protein) and postsynaptic density-95-associated protein); SHANK, SH3 and multiple ankyrin repeat domains protein.
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The direct and indirect pathways comprise the two fundamental opposing forces in the classic model of basal ganglia motor control 7, 8 . Excitatory corticostriatal input to direct pathway dMSNs increases striatonigral inhibition of GPi and SNr activity, disinhibiting thalamocortical projections and facilitating movement (Fig. 1a) . In the indirect pathway, striatal activity in iMSNs acting through the GPe and subthalamic nucleus results in a net inhibition of thalamocortical activity and suppression of movement (Fig. 1b) . Action selection is thought to be implemented by a striatal competition between actions specified by corticostriatal inputs, mediated by balanced direct and indirect pathway activity. Although recent anatomical and functional evidence suggests that this scheme may be oversimplified, major motor pathologies can be explained by an imbalance in striatal information processing. In Parkinson's disease, loss of dopaminergic input leads to an overactivity of indirect versus direct pathway activity, resulting in a poverty of movement; in Huntington's disease, loss of indirect pathway activity removes inhibitory control, resulting in an excess of abnormal movements.
In addition to action selection, growing evidence also implicates the basal ganglia in reward learning 9, 10 . Theoretical models suggest that learning from positive and negative outcomes could be functionally segregated via the direct and indirect pathways, suggesting that reward and punishment may be mediated by separate anatomic systems. Given its reward-related signaling and dense innervation of the striatum, dopaminergic input is likely to be critical. Indeed, D1 type and D2 type receptors in the striatum have opposite effects on cell excitability: activation of D1 receptors increases excitability of dMSNs and activation of D2 receptors decreases excitability of iMSNs, both acting via G protein-coupled changes in responsiveness to glutamatergic input. The phasic release of dopamine around better-thanexpected behavioral events would be expected When a new cafe opens, how do we decide to stop for a cup of coffee? Absent any pre-existing knowledge, we have to taste a coffee or two and use that information to guide our morning routine. One hallmark of adaptive behavior is the ability to learn from the outcomes of actions, whether those results are positive or negative. This importance of outcomes in shaping behavior is codified in Thorndike's law of effect: behaviors associated with satisfaction or discomfort will be more or less likely to recur, respectively. Decades of lesion, electrophysiology and functional imaging studies have outlined a broad network of brain areas involved in learning about reward and punishment, but how this processing is integrated with action selection remains unknown. In this issue of Nature Neuroscience, Kravitz et al. 1 report that two distinct pathways in the basal ganglia, a subcortical system that is essential for motor control, differentially mediate reward and punishment.
A critical tool for examining the neural basis of reinforcement has been the targeted activation of specific brain areas. Electrical stimulation has long been known to elicit behavioral phenomena, ranging from simple percepts and movements to emotions and vivid memories, depending on the targeted brain region 2, 3 . In learning protocols, stimulation itself can serve as reinforcement, driving animals to seek or avoid further stimulation 4 . A wealth of brain stimulation reward studies have identified a network of subcortical areas involved in reward processing, notably the lateral hypothalamus, medial forebrain bundle and mesolimbic dopaminergic system 5 . The firing of dopaminergic neurons may be critical for learning, signaling a reward prediction error representing whether the moment at hand is better or worse than expected 6 . An intuition behind this kind of teaching signal is that if predictions turn out to be inaccurate in a given situation, this is a useful sign that the system should update its valuations to improve future predictions.
One substantial drawback of electrical stimulation, however, is nonspecific activation in the vicinity of the stimulating electrode, including all local neuronal cell bodies and neuronal axons passing by en route to distant locations. Such nonspecificity is particularly problematic for studying areas without a gross functional architecture; for example, nuclei where neurons projecting to different targets or encoding different information are closely intermingled. The recent arrival of optogenetic techniques, which combine light-activated spiking activity with genetic localization to specific cell types, represents a substantial advance in the specificity of targeted activation. Kravitz et al. 1 used optogenetic control to selectively target two distinct populations of neurons in the striatum, the major input nucleus of the basal ganglia.
Roughly 95% of the neurons in the striatum are GABAergic projection cells called medium spiny neurons (MSNs), so named for their medium size and the dense distribution of spines along their dendrites. MSNs receive excitatory input from layer 5 pyramidal neurons in almost all areas of cortex, as well as from the thalamus, and modulatory input from dopaminergic neurons in the substantia nigra pars compacta and/or the ventral tegmental area in the midbrain. Striatal MSNs can be subdivided into two subclasses on the basis of projection target and expression of dopamine receptor types. Direct pathway striatonigral MSNs (dMSNs) express D1 dopamine receptors and project directly to basal ganglia output nuclei: the internal segment of the globus pallidus (GPi) and/or the substantia nigra pars reticulata (SNr). Indirect pathway striatopallidal MSNs (iMSNs) express D2 dopamine receptors and represent the first stage of a more indirect route to basal ganglia output, terminating primarily in the external segment of the globus pallidus (GPe). 
